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LATE-SEASON PREDICTION OF WHEAT GRAIN YIELD
AND GRAtN PROTEIN
ABSTRACT
Pre-harvest prediction of winter wheat (Triticum aestivum L.) grain yield
and/or protein coul,d assist farmers in generating yield maps and reliable product
marketing. This study was conducted to determine the relabonship between
spectral measurements (taken from F,eekes growth stage 8 to physiological
maturity) and grain yield and grain protein. Spectral measurements were taken
using photodiode detectors and interference filters for near-infrared (NIR) and red
spectral bands. The study was conducted during the 1999-2000 and 2000-2001
cropping cycles at seven locations where existing field experiments were a'iready
in place across Oklahoma. Spectral readings were taken at Feekes growth
stages 8, 9,10.5, 11.2,. and 11:.4. The normalized difference vegetative index
(NOVI) was calculated. lin both cropping cycles, NDVI was well correlated with
grain yield, grain N uptake, straw N uptake, and total N uptake at Feekes growth
stages 9 and 10.5 (R2 > 0.5). However in both cropping cycles, there was no
relationship between NOVI and grain yield or N uptake at Feekas growth stage
11.2. In 1999-2000 at Feekes 11'.4 (harvest), NDVI and grain yield were poorly
correlated. Across all Ilocations and two crop years, no consistent relationship
existed between NDVI and ,grain N or straw N at any stage of growth. Grain IN
and straw Ncould not be reliably predicted using NDVI at any stage of growth.
INTRODUCTION
Sensor-based variable rate technologies (s-VRT) afe continuling to receive
research attentlion as a means for precision management of N ilnputs in winter
wheat (Triticum aestivum L) production. Some of this work has been directed at
estimatingl nitrogen uptake of winter wheat during eanly vegetative growth and
later correlated with final grain yield. This study focuses on pr,edicting the final
yield and/or grain protein of winter wheat at late growth stages using sensors.
Pre-harvest prediction of wheat yield and/or prot.ein could assist producers in
generating yield maps and alllow for reliablle means of product marketing. This
study was conducted at seven locat:ions where existing long-term field
experiments were already lin place. Two meter by two meter plots were
established with differingl N rates. Spectral readings were taken at Feekes
growth stages 9, 10.5, 11 .. 2, and 11.4. The normalized di,ffer,ence vegetative
index (NOVI), red reflectance (Redref), and NIR reflectance (NIRrer) were
calculated for each plot.
LITERATURE REVIEW
Predicting Grain Yield
Lukina et al. (2001) describes advancements in precision agriculture
t,echnology (PAT) as decreasing linputs while maintaining yiield or supplying the
same inputs but achieving higher yields through more efficilent crops. Araus
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(1996) reported that methods based on red/near infrared ratios can yield
estimates of leaf area index (LAI), green biomass, crop yield, and canopy
photosynthetic capacity. In fad, green leaves are strong absorbers in the red,
but highly reflected in the near infrared. Mahey et aL (1991) found NOVI and
wheat grain yield to be highly correlated, establishing the potential to predict
grain yield of wheat with remote sensed data. They also noted that the strongest
correlation occurred between 75 and 104 days after planting. Also, NOVI has
been found to be highly correlated with yield and biomass in barley (Horduem
vulgare L.) (Pelnuel:as et al. r 1997). According to work using satellite imag,ery by
Quarmby,et al. (1993), wheat yi,eld estimates during the early part of the growing
season change rapidly. However, 50 to 100 days prior to harvest, yield
estimates stabilize. These results indicate accurate yield estimates may be
made two months prior to harvest.
As noted by Filella et aI., (1995), remote sensing could provide
inexpensive, large-area estimates of N status in wheat. They further reported that
the use of reflectance at 430, 550, 680 nm, and red edge wavelengths offers
potential for assessing N status of wheat. Work, by Kleman and Fagerland,
(1987) studied different ratios of red, NIR, and infrared (IR) and concluded that
IRlred was related to the biomass and grain yield of spring barley (Hordeum
distichum L.). Stone et al. (1996) demonstrated that N uptake and NOVI are
highly correlated. Raun et al. (2001) showed that the sum of two NOV' readings
taken at Feekes growth stages 4 and 5 (Large, 1954) divided by the growing
degree days (GOD) between these readings was a reliable predictor of final grain
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yield at six of nine sites. However, this work required two post dormancy
readings. Ensuing work by Lukinaet al. (2001) showed a stronger correlation
between yield and one iNOVI r,eading coU,ected at Feekes growth stage 5 divi'ded
by the total number of days from planting.
Fielld Resolution and Mapping
As precision farming becomes adapted and accepted, delineating the
proper field element siz.e becomes more important. Solie et al. (1996) defines
field element silze as the area that provides the most precise measure of the
availablle nutri,ent and where the II,evel of that nutrient changes with distance.
This work went on to identify that the fundamental field element size averages
1.5m. A microvariability study by Raun et all. (1998) found significant differences
in surface soil test analyses when samples were <1 m apart for both mobile and
immobile nutrients, Sollie et al. (1!999) stated that in order to describe the
variability encountered in field experiments soil, plant, and indirect
measurements should be made at the meter or submeter levell.
Willis et al. (1999) defined yield maps as t,ools used by producers to look
for general patterns and trends, such as unusually high or low yie:ldling areas.
They go on to state that many errors are associated with yield monitor data that
could be corrected for by integrating remotely sensed data to the yield maps.
B:laclkmore and Marshall (1996) describe these errors as: 1) the time lag of crop
from machine intake to yield sensor, 2) yield sensor calibration, 3) GPS
accuracy, 4) uncertain crop width entering the header, 5) surgling grain, and 6)
grain losses. Considering. the range of errors that can be encountered with yield
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monitor data, interest in the development of a:ltemative "yie'ld sensing" methods
has increased.
Predicting Grain Protein
Stone et at (1996) demonstrated a high correlation between the plant
nitrogen spectral index (PNSI), the reciprocal of NDVI, and the total N uptake of
wheat forage. This work showed that sensors were reliable indicators of the
plant N status. According to Wuest and Cassman, (1992) early season N
environment has a larg.e influence on N partitioning at maturity. The ability to
determine the N status of wheat and relate it to N accumulation in the grain
opens the possibility to indirectly predict wheat grain protein using remotely
sensed data..
OBJECTIVE
The objective of this study was to determine the relationship between
spectral measurements taken from Feekes growth stage 8 to physiological
maturity and grain y:ield, grain protein, and total N uptake.
MATERIALS A 0 METHODS
Thlis study was conducted at seven locations within existing field
experiments. Locations included long-term Nand P fertility studies across
Oklahoma at Stillwater, Lahoma, Perkins, and Haskell, and additional locations
included anhydrous ammonia (AA) experiments at Hennessey and Stillwater, and
a sewage sludge loading experiment near StUlwater (Table 1). Two meter by two
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meter plots were established within pl,ots of differing N rates (Table 2). Spectral
reflectance readings were taken using a photodiode-based sensor with
interference filters for red at 671±6 and near infrared (NI;R) at 780±6 nm
wavelengths, deve'loped by Stone et al. 1(1996). The normalized difference
veg:etative index (NDVI) was calculat,ed in accordance with the equation
NDV,I=(NIRre~redref)/(NIRret+redref). Red reflectance (R,edref) is calculated by
dividing red renected light by red ;incident light, and NIR reflectance (NIRref) is
calculated by dividing NIR reflected light by NIR incident light. Spectral readings
were taken at Feekes growth stages 9 (ligule of last leaf visiblle), 10.5 (flowering),
11.2 (mealy ripe., contents of kernell soft but dry), and 11 A (ripe for harvest, straw
dead) (Large, 1954). Sensing, planting,alnd harvest dates 'and varileties are
reported in Table 3.
Each location was harvested using a self-propelled Massey Ferguson 8XP
combine. The entir,e 4m2 area was harvested and grain weight and moisture
were recorded at that time. Straw was ooUected for calculation of total N uptake
using a straw and chaff coU,ector placed under the combine. Straw weights for
each plot were recorded and a sample was taken for analysis. Grain and straw
samples were then ground to pass a 120-mesh screen and analyzed for total
nitrogen using a Carlo Erba 1500 dry combustion analyzer (Scheperset al.,
1989). Statistical analysis was performed us'ing SAS (SAS Instiltute, 1988).
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RESULTS AND DISCUSS'ION
Grain yield
The relationship between grain yield and NOVI when sens'or readings
were taken at Feekes growth stages 8, 9, 10.5, 11.2, and 11.4 are reported in
Figlures 1-5. At Feekes 8,9 and 10.5, NDVI was a good predictor of wheat grain
yield (sensor readings taken from the same 4 m2 area where grain yield was later
determined) (R2 > 0.54). At both Experiment 502 and 222 in 1999-2000, a wide
range of NOVI values colTesponded with a wide range in wheat grain yield, thus
on a by-site basis, correlation was improved. At Efaw AA, and Hennessey AA,
pilant coverage was glood within the entire experiment, and thus, the range in
NDVI values was rellatively small. Even though the range in wheat grain yields
was wide (1 000 to 4500 kg ha-1) for these sites, red adsorption peaked as
expected (due to the exceUent coverage) and differences in yield potential were
more difficult to detect. This calls further attention to the deficienci:e-s of the NOVI
index in being able to assess difterences in yield potential where soil plant
coverage is good and where plot differences in early biomass productton are
smalll. In 2000-2001, delayed fall planting due to wet conditions decreased
tillering and coverage resuUing in a good rang,e of NOVI values, excluding
experiment 801. Due to tile poor coverage at most sites at Feekes 8 and 9,
maximum adsorption of the red portion of the spectrum was generally not
observed, (exception, Experiment 801). This is illustrated by the range of grain
yield levels observed near NOVI values of 0.85.
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The relationship between NDVI and wheat grain yield at Feekes 11.2 was
dramatically different from that observed at earlier stages of growth (Figure, 4).
Feekes 11.2 corresponds with the kernels being mealy ripe, soft, but dry. In
1999-2000, at this stage of growth, a sllight trend for yields to increase with
increasing NDVI was present. However in 2000-2001, thin wheat stands due to
late planting and increased weed pressure inflated NOVI values without
increasing harvested grain. By Feekes 11.4 (ripe for cutting, straw dead), wheat
grain ylields decreased with increasing NDVI (Figure 5). At Feekes 11.4, only
very limited absorbance of red is encountered, due to the rapid disappearance of
chlorophyll (green) with the onset of senescence.
Grain N
The average grain N concentration across all experiments in both years
was 24.6 g kg-1 and ranged from 18.3 to 38.1 g kg-1. No consistent relationship
between NOVII and grain N was found at any sta.ge of growth. There was,
however, a trend for !increased grain N with increasing NOVI at Experiment 801
at Fe,ekes growth stage 9 (data not reported).
Straw N
For the fourteen sites sampled over two years, no distinct relationship
between NOVI and straw N: was observed. There was, however, a trend for
decreased straw N with increasing NOVI when readings were collected on the
actual day of harvest in 1999-2000 (Feek,es 11.4, Figure 6).
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Grain N Uptake
Similar to results reported for the relationship between NDVI and grain
yield, correlation of NOVI and grain N uptake was signmcant. However,
conslistent with data reported by Stone et aI., (1996), improved correlation was
found at all stages of growth for grain N uptake versus NDVI, as compared to
grain yield and NOVI (Figures 7-1'1 compared to Figures 1-5). This would tend to
indicate that either the red or near infrared bands were sensitive to N as
chlorophyll in the plant tissue, and that would not be a direct component of grain
yield.
Straw N Uptake
Over the fourteen locations included in this work, straw N uptake as a
function of NDVI is plotted in Fig!ures 12-16 for the different stages of growth
sampled. Straw N uptake and NOVI were well correlated at Feekes growth
stages 9 and 10.5 (F,igures 13 and 14). In 2000-2001, straw N uptake and NOVI
measured at Feekes 8 wer,e relatively well correl'ated over most locations,
excluding Perkins N & P and Experiment 502 (Figure 12). Consistent with
observations for NOVI and grain N uptake, correlation was poor at Feekes
growth stagle 11.2, but that improved (although changing to a negative slope) at
the final stage of growth. This poor correlation was expected considering the
loss of green color (chlorophyll) dur"ng senescence. Furthermore, differences in
plant health and physiological development would likely fluctuate as a function of
9
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spatial, variability. At this time period, younger mlers are still green while main
stems are fully senesced. Sloughing of upper leaves would also aid in observing
differences in the lower canopy at later stages of growth.
In 2000-2001, at Perkins N & P, the measured straw N uptake was high,
largely due to contamination of the plots by the presence of Italian ryegrass
(Lolium multiflorum L.}, which resulted in higher biomass and N concentrations.
Similarly, at Experiment 502 high straw N uptakes were measured due to an
infestation of crabgrass in certain plots, which accounted for an increase in
biomass and N concentration.
Total N Uptake
Total N uptake (straw + grain) is plotted against NOVI in Figures 1i7-21 at
five stages of growth. A trend for improved correlation of NOVI with total N
uptake was observed, compared to that found for grain N uptake and/or straw N
uptake. This is not surprising considering that total N uptake includes both grain
and straw components and accounts for all N in the above ground b.iomass of the
plant. It must also be emphasized that the early readings (Feekes 8,9, and 10.5)
were far superior for predicting total N uptake than the tater readings. This
suggests the importance of collecting red and near infrared readings during
vegetative stages of ,glrowth where the sensitivity to green and/or chlorophyll
concentrations would be higher. Although correlation remained significant at the
final stage of growth, it was significantly diminished.
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CONCLUSIONS
Over two cropping cycles and seven locations, NOVI calculated using red
and NIR bands proved to be relatively well correlated with grain yield, grain N
uptake, straw N uptake, and total N uptake 011 sensor measurements observed
up through anthesis. Under high plant coverage, associated with good growing
conditions and adequate fertility, peak adsorption of the red portion of the
spectrum does occur. When red adsorption peaks, the two-dimensional NOVI
readings become relatively insensitive to the changes in total biomass, and are
later reflected in grain yie;ld (i.e. when NDVI values are high, the range in grain
yield at a specific NOVI value can be large). Small ranges in NDVI reduce the
ability of the sensor to accurately predict grain yield, grain N uptake, straw N
uptake, and total N uptake, especially when ground cover is good at early stages
of growth.
Grain N and straw N could not be reliably predicted using NDVI at any
stage of growth. This can partially be explained by knowing that there is no way
for NDVI to detect how efficiently the plant will translocate N into the grain, and
how much of the N will be lost through various pathways, each of which result in
relatively constant tissue N in grain and straw at harvest.
Over locations and years, NDVl measurements collected at Feekes
growth stage 9 provided reliable estimates of grain yield, grain N uptake, and
total N uptake. This vegetative stage of growth that takes place 40 to 60 days
before harvest may be an ideal time for collecting aerial images that could later
be used for estimating potential yield levels on a by-field basis.
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The ability to relli:ably predict grain yield lin-season using spectral
reflectance can be implemented into any variable rate technology program. This
information can be used for producing field maps at the sub-meter Ilevel, versus
the current maps at a resolution of 900 square feet. Additionally, the ability of
producers to predict whleat yields while their crop is sUII in the field could assist in
more strategic marketing plans and more accurate insurance estimates.
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TABLE 1. Initial surface (0-1,5 cm) soil chemical characteristics and classification
at Haskell, Hennessey, Lahoma, Perkins, Stillwater" and Tipton, OK.
Location pH NO:rN P K Total N Organic C
k -1--------------- mg I 9 --------------- kg .1---------- 9 -------
Stillwater AA 6.0 2.5 11.3 19.9 197 0.94 10.4
Classification: Easpur loam (fine-loamy, mixed,superaetive, thermic F,luventic HaplustoU)
SWlwater SS 5.8 6.9 5.0 30.2 16.8
Classification: Norge loam (fine mixed, tlhellTnic Udertlc Paleustollll)
Haskell 801 5.3 7.4 3.4 8.5 163
Classification: Taloka silt loam (fine, mixed, thellTnic Mollic Albaquailf)
1.06
0.7
11.9
7.4
Hennessey AA 5.6 1,9.3 14.5 9'5.6 556 1.05 11.9
Classification: Shellabarger sandy loam (fine-loamy, mixed, thennic Udiic Argllustoll)
Lahoma 502 5.5 5.3 113.9 39.9 416
Classification: Grant silt loam (fine-silty, mixed, thellTnic Udic Argi'ustoll)
0.8 7.4
Perkins N&P 5.4 2.6 9.11 16.5 132 0.79 7.0
Classification: Teller sandy loam (fine-loamy, mixed, thermic Udic Argiustoll)
Stillwater 222 5..9 12.0 8.6 4.9192
Classification: Kirkland silt loam (fine, mixed, thennlc Udelrtic Paleustoll)
0.96 7.9
pH - 1:1 soil:water, K and P - Mehllch III, Organic C and Total N - dry combustion.
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TABLE 2. Treatment structure at Haskell, Hennessey, Lahoma, Perkins and Stillwater, OK
Stillwater AA stillwater SS Haskell 801 Hennessey AA Lahoma 502 Perkins N & P Stillwater 222
Treatments 0-0-0
56-0-0
90-0-0
123-0-0
(Two
application
methods)
·(split application of N)
0-0-0
45-0-0
90-0-0
179-0-0
269-0~0
538-0-0
,----N-P-K (kg ha"') ------------
0-0-0 0-0-0 0-0-0 0-0-0 0-0-0
o-Sa..111 56-0-0 0-19-56 56-29-0 0-29-37
112-58-111 90-0-0 22-19-56 112-29-0 45-29-37
112-0-111 123-0-0 45-19-56 168-29-0 90-29~37
112-19-111 (Two 67-19-56 134-29-37*
112-39-111 application 90-19-56
168-58-111 methods) 112-19-56
TABLE 3. Planting, sensor readings, and harvest dates at Haskell, Hennessey, Lahoma, Perkins and Stillwater, OK for
1999-2000.
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Date Sensed
Year No. of Feekes Feekes Feekes Feekes Feekes Planting Harvest
Experiment Location sensed plots 8 9 10.5 11.2 11.4 date date Variety
Exp.222 Stillwater, OK 2000 20 ---- 30/03/00 24/04100 22105100 06/07/00 07/10/99 6107100 Custer
2001 23/04/01 30104/01 10/05/01 24/05/01 --- 20/11/00 12106101 Custer
Exp. 301 Stillwater, OK 2000 18 _iii_ 04/04/00 24/04/00 22105100 15/06/00 07/10/99 15/06/00 Custer
2001 23/04/01 30/04/01 10/05/01 24/05/01 --- 16111100 11/06/01 Custer
Exp. 502 Lahoma, OK 2000 28 -_ ....- 28/03/00 20/04/00 15/05/00 13/06/00 12110199 13/06/00 Custer
2001 13/04/01 ._-- 10/05/01 24/05/01 ---- 15/06/01 Custer
Exp. 801 Haskell, OK 2000 28 ----- 14/03/00 25/04/00 16/05/00 _.... 08/10/99 2/06/00 2137
2001 24/04/01 03/05/01 14/05/01 -_.&.... ..._,-- 6/06101 2137
N*P Perkins, OK 2000 12 ---- 04/04/00 24/04/00 22/05/00 30105/00 08/10/99 30105/00 Custer
2001 23/04101 30104/01 09/05/01 24/05/01
---
17/11/00 7106/01 Custer
AANUE Hennessey 2000 21 ---- 28/03/00 27/04/00 22105100 07/06/00 07/10/99 07/06100 Custer
2001 13/04/01 -_.- 10/05/01 24/05/01 --- 21/11/00 13/06/01 Custer
AANUE Stillwater, OK 2000 21
-----
04/04/00 24/04100 22105/00 07/07/00 07/10/99 07/07/00 Custer
2001 23/04101 30/04/01 10/05/01 24/05/01 ----- 22111100 11/06101 Custer
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FIGURE 1. Relationship between NOVI and grain yield at Feekes growth stage 8
at seven locations in crop year 2000-2001.
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FIGURE 3. Relationship between NOVI and grain yield at Feekes growth stage
10.5 at fourteen locations over two crop years, 1999-2000 and 2000-2001.
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FIGURE 5. Relationship between NDVI and grain yield at Feekes growth stage
11.4 at six locations in crop year 1999-2000.
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FIGURE 18. Relationship between NOVI and total N uptake (grain + straw) at
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FIGURE 7. Relationship between NOVI and straw yield at Feekes growth stage
9 at twelve locations over two crop years, 1999-2000 and 2000-2001.
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FIGURE 14. Relationship between NDVI and straw N at Feekes growth stage
11.2 at fourteen locations over two crop years, 1999-2000 and 2000-2001.
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